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Historical Background 

The accurate evaluation of noise from man-made 
sources, such as aircraft, requires a reliable procedure 
for computing standard sound absorption values in air 
as a function of meteorological conditions, namely tem- 
perature, pressure, and humidity. The first widely used 
standard, issued by the Society of Automotive Engi- 
neers as ARP 866 in 1964 and reissued as ARP 866A in 
1975 (ref. 1), fulfilled this requirement for many years, 
despite the fact that it suffers from numerous deficien- 
cies. The standard is based on a single set of labora- 
tory measurements — the 1963 data of Harris (ref. 2)— 
and employs a crude approach to the theory of molecu- 
lar absorption in oxygen. Even after “modification” of 
the theory, the recommended formulas yield poor agree- 
ment with experiment at the upper and lower ends of 
the audible frequency spectrum. 

The accuracy of sound absorption values was vastly 
improved with the appearance of a new standard, ANSI 
SI. 26-1978, published by the American Institute of 
Physics for the Acoustical Society of America and ap- 
proved by the American National Standards Institute 
in 1978 (ref. 3). The discrepancies found in the older 
standard were resolved by the introduction of two new 
physical concepts into the kinetic model of air; first, 
the molecular absorption of sound by nitrogen, which 
plays a dominant role at low frequencies; second, the 
vibrational- vibrational exchange of energy between wa- 
ter vapor and oxygen molecules, which is needed to 
explain the trend of the data at high frequencies. Al- 
though the data base was expanded to include the mea- 
surements from a great number of investigations, many 
of which appeared subsequent to ARP 866A, the data 
were still confined to a frequency interval between 1 and 
20 kHz except for one data set below 1 kHz (ref. 4). The 
latter was not included in the formulation of the new 
standard because of the lack of confirmation by a sec- 
ond independent source. Furthermore, these data have 
remained an unexplained anomaly for many years be- 
cause they yield oxygen relaxation frequencies far below 
those predicted by the new standard. 

The sound absorption measurements in air pre- 
sented here consist of over 2000 data points in the fre- 
quency interval from 10 to 2500 Hz, where prior data are 
scanty, and accordingly serve a twofold purpose. The 
first purpose is to provide a substantial data base for 
an improved evaluation of the relaxation frequency of 
nitrogen. The data base used to establish this impor- 
tant parameter in the ANSI standard is beset with three 
fundamental difficulties. First, a significant portion of 
the data — that of Harris and coworkers (refs. 2 and 4) — 
contains only a few discrete frequencies below 1000 Hz, 
for example, only five frequencies in reference 4. For 
many meteorological conditions a greater number and 


range of experimental frequencies are needed for accu- 
rate determination of the relaxation frequency. Second, 
some of the studies were conducted in binary N 2 -H 2 O 
mixtures, where the relaxation frequency of nitrogen 
may differ from that of nitrogen in air (ref. 5). Third, 
other studies were conducted outdoors in the free atmo- 
sphere, where the effects of nonstationarity, nonhomo- 
geneity, spreading, and the ground lead to questionable 
evaluation of the data. Thus a comprehensive set of low- 
frequency laboratory measurements is sorely needed to 
establish accurately the relaxation frequency of nitrogen 
in air. The second purpose of this study is to provide 
independent sound absorption measurements overlap- 
ping those of reference 4 in dry air, with the goal of 
closing the gap between oxygen relaxation theory and 
experiment. 

This publication is intended primarily to document 
the measurements of sound absorption versus frequency 
for given meteorological conditions and therewith to 
provide the background information needed to explain 
the experimental results. The following sections de- 
scribe sound absorption mechanisms in free air and in a 
resonant tube, the sound absorption measurement pro- 
gram, the method used to evaluate the data, the format 
for presenting the data, and the procedure for determin- 
ing the relaxation frequencies of nitrogen and oxygen. 

Symbols 

c speed of sound, m-s" 1 

Cp specific heat at constant pressure, J-kg~ 1 -K"~ 1 

/ experimental frequency, Hz 

/vn vibrational relaxation frequency of nitrogen, 

Hz 

fvo vibrational relaxation frequency of oxygen, Hz 

h humidity, mole percent 

L length of resonant tube, m 

p acoustic pressure, Pa 

p 0 reference acoustic pressure, Pa 

P static gas pressure, atm 

P 0 reference static gas pressure, 1 atm (or 
0.1013 MPa) 

R radius of resonant tube, m 

t time, sec 

T gas temperature, K or °C 

T 0 reference gas temperature, 293.15 K 
x propagation distance, m 



a sound absorption coefficient, Np-m 1 or dB- 
m” 1 , (1 Np = 8.686 dB) 

7 specific heat ratio 

rj viscosity coefficient, kg-m-s -1 

k thermal conductivity, J-m“ 1 -s~ 1 -K~ 1 

p sound absorption coefficient per unit wave- 

length, Np per wavelength 

p density, kg-m~ 3 

Subscripts: 
air air 

bg background gas 

cr classical-rotational 

meas measured 

str structural 

vn vibrational relaxation in nitrogen 

vo vibrational relaxation in oxygen 

wall wall 

Abbreviations: 


a v n = 0.1068 

a vo = 0.01278 
with 
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Figure 1 shows the frequency dependence of the total 
absorption and of each component process for the exam- 
ple T == T 0 — 293.15 K, P — P p — 1 atm, and h — 1.614 
mole percent (relative humidity of 70 percent) . For each 
component process the sound absorption rises as f 2 be- 
low th$ relaxation frequency and then approaches a con- 
stant value asymptotically. For the classical and rota- 
tional components, however, the relaxation frequencies 
lie beyond the range of the figure. With increasing hu- 
midity the vibrational relaxation frequencies both shift 
to higher values. 


ppm parts per million 
RH relative humidity 
WL wavelength 

Sound Absorption Measurements in Free 
Air 

Absorption Per Unit Length 

An acoustic plane wave, attenuated as it propagates 
through a free (unbounded) medium, is represented by 
the expression 


Absorption Per Unit Wavelength 

Although the sound absorption coefficient a is of 
interest when the sound pressure at a specified distance 
from the source is desired, another measure of sound 
absorption, the absorption per unit wavelength p, is 
preferred in many studies because it is more directly 
related to the physical properties of the medium. The 
relationship between p and a is the following: 



where the sound speed in air has the value 


p = Po exp(— ax) exp [i2w f[x/c — 1)\ (1) 

The absorption coefficient in free air consists of three 
fundamental components — a CT the classical-rotational 
absorption, a vn the vibrational absorption in N 2 , and 
a vo the vibrational absorption in O 2 : 


/ T \ 1/2 

c = 343.23 (-J (9) 

As before, the absorption per unit wavelength in air 
consists of classical-rotational and vibrational compo- 
nents in N 2 and O 2 : 


#air — £*cr 4~ Q vn 4“ C*vo 


( 2 ) 


Mail — Mcr Mvn "t" Mvo (1®) 


These are given as functions of meteorological parame- Equations (3) to (5), (8), and (9) yield the following 
ters in reference 3: expressions for these components: 


a ct = 1.84 x HT 11 
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Figure 2 shows a plot of the absorption per unit wave- 
length similar to the example of figure 1, In this case, 
however, each component process is associated with a 
well-defined relaxation peak, having a crest located at 
the relaxation frequency. Again, with increasing hu- 
midity both vibrational relaxation peaks shift to higher 
values, and the relaxation frequencies for the classical 
and rotational processes are so high that the peak crests 
lie beyond the range of the figure. 

In sufficiently dry air, for which the O 2 relaxation 
peak stands out prominently above the background, 
the absorption per unit wavelength fi is chosen to 
represent the sound absorption. In more humid air, 
for which relaxation in N 2 occurs within the range 
of experimental frequencies, the scatter in the data 
generally precludes good definition of the much smaller 
N 2 relaxation peak. In these cases the sound absorption 
is more appropriately represented by the absorption per 
unit length a. 

Evaluation of Relaxation Frequencies 

Equations (3) to (5) (or eqs. (11) to (13)) are derived 
rigorously from fundamental thermodynamic principles 
and from first-order kinetic theory. The numerical con- 
stants are obtained from precisely known gas properties 
and molecular parameters. The inaccuracy in these ex- 
pressions lies almost exclusively in the formulas for the 
relaxation frequencies / vn and / vo , as given by equa- 
tions (6) and (7). Because current relaxation theory of- 
fers only an order-of-magnitude estimate at best, the re- 
laxation frequencies are determined in practice through 
empirical fits of the available data to equations contain- 
ing gas-kinetic model parameters. 

Each constituent of the atmosphere influences the 
relaxation frequencies of both N 2 and O 2 to a varying 
extent, ranging from negligible (argon) to extreme (wa- 
ter vapor). To illustrate the effect of the latter, the 
relaxation frequency of O 2 (eq. (7)) at 20° C and 1 atm 
varies from 24 Hz in dry air to 89 kHz at 100-percent 
relative humidity. Similarly, the relaxation frequency 
of N 2 (eq. (6)) varies from 9 to 816 Hz. The relaxation 
frequencies are also sensitive to the presence of C0 2 , 
but to a lesser extent because the CO 2 content is small 
(330 ppm); its effect is included in the hr independent 
terms in equations (6) and (7). Because most of the 
data sets in the past were confined to a limited range of 
frequency, traversing only one relaxation peak, a simul- 
taneous fit of / vn and /vo to the composite data does not 


necessarily yield the best values of the numerical con- 
stants in equations (6) and (7). Rather, the complex 
task of determining these values from the data can be 
facilitated immensely through a simplified procedure. 

First, it is noted that the N 2 and O 2 relaxation 
peaks are widely separated at all values of humidity. In 
figure 2, for example, the N 2 absorption is down 55 dB 
from the crest of the O 2 peak at the O 2 relaxation fre- 
quency, and the O 2 absorption is down 26 dB from the 
crest of N 2 peak at the N 2 relaxation frequency. Thus 
the high-frequency data can be used to fit / vo alone, 
with classical-rotational absorption taken into account 
but with N 2 absorption neglected. Once / vo is estab- 
lished, then the low-frequency data can be used to fit 
/ vn with both classical-rotational and O 2 absorption as 
background. Actually, since N 2 dominates the absorp- 
tion spectrum over the frequency interval from 10 to 
2500 Hz except in very dry air, evaluation of / vn is rel- 
atively insensitive to the O 2 absorption. For the present 
data the values for O 2 absorption from the current stan- 
dard are used in the background for the N 2 absorption. 
Subsequent adjustment of the O 2 absorption values will 
affect the evaluation of / vn very little. 

Sound Absorption Measurements in a 
Resonant Tube 

Experimental Method 

The sound absorption measurements in the present 
study were conducted by the method of free decay 
in a resonant tube having a length of 18.261 m and 
bore radius of 0.0762 m. An acoustical standing wave 
was excited in the test gas in the tube, the excitation 
removed, and the sound absorption evaluated from the 
free decay envelope. The tube and operating procedure 
are described in reference 6. Over 250 tube modes 
could be excited, from the fundamental near 10 Hz to 
a cutoff frequency somewhat above 2500 Hz. The free 
decay curves were evaluated in real time on an 8-bit 
microcomputer-based digital data acquisition system 
(ref. 7). 


Additional Sound Absorption Processes in a Tube 


In a resonant tube, sound absorption is subject to 
two additional processes not found in free-field prop- 
agation, namely thermoviscous absorption at the tube 
walls and absorption due to excitation of the structural 
modes of the tube by the internal test gas. The wall 
absorption is accurately given by the Kirchhoff formula 


wall — 




^ + (7 - 1) 



(14) 

but the structural absorption cannot be described by 
a simple formula, since it is related to the structural 
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Figure 1. Sound absorption in air versus frequency for T = 20°C, P = 1 atm, and h — 1.614 mole percent (70-percent 
RH). The vibrational relaxation frequencies as specified by the ANSI standard (ref. 3), / vn = 574 Hz and f vo = 
59 117 Hz, are indicated on the frequency axis. 



Figure 2. Sound absorption per unit wavelength in air versus frequency for T = 20°C, P = 1 atm, and h = 1.614 
mole percent (70-percent RH). The vibrational relaxation frequencies as specified by the ANSI standard (ref. 3), 
/vn = 574 Hz and / vo = 59 117 Hz, are indicated on the frequency axis. 
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properties of the tube. Nevertheless, the latter pro- 
cess becomes significant when the test gas frequencies 
lie near the natural frequencies of the tube structure 
(ref. 8). Such frequencies were generally avoided in the 
present study, in particular those in the vicinity of 93, 
290, and 550 Hz, where excitation of the tube structure 
was found to be strong. 

Evaluation of Constituent Absorption 

The sound absorption measurement problem is com- 
pounded by the fact that the constituent absorption in 
air ttair , consisting of the classical-rotational and vibra- 
tional components given by equations (3) to (5), is only 
1 to 5 percent of the wall absorption a wa ii, depending 
on the frequency and humidity. In order to reduce the 
error inherent in the attempt to extract such a small 
effect from a large background, a differential technique 
was employed using a background gas with (1) negli- 
gible constituent absorption and (2) the same sound 
velocity as air in an effort to match acoustical coupling 
to the tube structure. Then measurements in the back- 
ground gas yielded the wall and structural components 
of the absorption in the tube. A gas mixture consisting 
of 89.5 percent Ar and 10.5 percent N 2 fulfills both the 
above requirements, since the N 2 relaxation frequency 
lies far below any measured frequency. For each sound 
absorption measurement in air, a corresponding mea- 
surement was made in the background gas at the same 
frequency, pressure, and temperature. The measured 
absorption contains the following components in air and 
in the background gas: 

^meas — air = Q*air d" C* wall— air + a str — air (15) 

Corneas— bg = ^wall— bg “I" ^str— bg (H)) 

For each pair of measurements the constituent absorp- 
tion can be found: 

ftair ~ ft meas- air ^meas— bg 

~ (^wall— air ““ a wall— bg) 

(°^str— air ^str— bg) (17) 

It is apparent from equation (17) that successful 
evaluation of the sound absorption in air is contingent 
upon the following conditions: 

1. The measurements must be of high precision both 
in air and in the background gas. This is achieved with 
the aid of a digital data acquisition system using a 12- 
bit analog- to-digital converter (ref. 7). 

2. The wall losses of both gases must be computed 

accurately. In other words, the parameters in equa- 
tion (14) must be known accurately as a function of 
pressure, temperature, and in the case of air, humidity. 


The effect of adsorped H 2 0 on the wall losses was es- 
timated from the analytical results of reference 9 and 
found to be negligible. 

3. The composition of the background gas must 
be carefully adjusted to match the frequencies found 
in air in order to match the coupling to the structural 
modes of the tube. This ensures that the final term in 
equation (17) vanishes: 

a str— air — ^str— bg :==: 0 (18) 

and consequently 

Of air ^ ^meas— air a meas- bg 

{^wall-air **wall— bg) (19) 

Sound Absorption Measurement Program 

Measurement of Gas Composition and 
Meteorological Parameters 

Gas composition . The test air was premixed from 
constituents by a commercial vendor and delivered in 
two 210-ft 1 2 3 cylinders at 2000 psi. The requested and 
actual compositions, per certified analysis, are listed in 
table 1(a). The constituents for the background gas, 
for which the composition is listed in table 1(b), were 
mixed in the resonant tube proper. The mixture was 
adjusted until the fundamental frequency for air at the 
prevailing ambient temperature matched the theoretical 
value, computed from the sound velocity as given in 
equation (9). 

Pressure . The pressure was maintained at nomi- 
nally 1 atm for all gas compositions, as measured on a 
strain gauge pressure transducer. 

Temperature . A coarse measurement of tempera- 
ture was provided by four iron-constantan thermocou- 
ples located along the axis of the tube. These were also 
used as sensors for automatic temperature control. A 
fine measurement was derived from the measured acous- 
tic frequency and its known relation to temperature. 

Humidity . Humidity was measured with either of 
two dew-point hygrometers, the first for dew points in 
the range from — 20°C to 60°C and the second for those 
below — 20°C. The dew-point readings were taken just 
prior to the acoustical measurements. 

Selection of Meteorological Parameters 

The acoustical measurements were conducted within 
the temperature interval from 10° C to 50° C in 10° C 
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steps. Originally it was intended, at each fixed temper- 
ature, to vary the relative humidity from 0 to 100 per- 
cent in 10-percent steps. At 10°C, however, because the 
N 2 absorption was found to be too small to be resolved, 
the measurements were confined to sufficiently dry air 
that the properties of the 0 2 absorption could be in- 
vestigated. Because of difficulty in attaining saturated 
H 2 0 vapor pressures in the tube above 25°C, acoustical 
measurements were confined to air samples having dew 
points below or slightly in excess of that temperature. 
The corresponding maximum relative humidities were 
66, 48, and 29 percent at tube temperatures of 30°C, 
40°C, and 50°C, respectively. 

Meteorological parameters for each of the 30 sets 
of acoustical data are summarized in table H. For 
each data set the sound absorption was measured at 
a number of frequencies from 54 to 92. 

Presentation of Data 

Constituent Absorption in Air 

Figures A1 to A30 (appendix) show the sound ab- 
sorption in air versus frequency for given values of tem- 
perature and absolute humidity, along with the tabu- 
lated data. Absorption values for which a a i r < 10~ 4 
Np/m are not included in the tabulation, as this value 
represents the limit of the experimental technique. For 
all but the driest air samples, the sound absorption is 
evaluated from equation (19), In these cases the 0 2 re- 
laxation frequency lies so high that relaxation in N 2 is 
the dominant process over the range of experimental fre- 
quencies. The 0 2 relaxation frequency / vo is assumed 
to be given by the current ANSI standard (eq. (7)) and 
the N 2 frequency / vn is best-fitted to the data. Thus 
/ vn is varied until the sum 

& — ] (^air ^cr — tt vn ^vo) (20) 

reaches a minimum. In equation (20), a a ir is taken from 
equation (19); a cr , a vn , and a vo are computed from 
equations (3) to (5). The summation index (over all the 
points in a data set) is omitted to simplify notation. A 
small error in / vo has a negligible effect on the evalu- 
ation of / vn if the humidity exceeds 0.5 mole percent 
(about 20-percent RH at 20°C), but at lower humidi- 
ties the effect of the error is more severe. Nevertheless, 
this is of little consequence in the present study because 
only two data sets are affected (figs. A5 and A6), and 
in the worst case a 10-percent error in /vo results in a 
22-percent error in / vn . 

In the driest air samples (figs. A1 to A4, A14, A21, 
and A27), / vo shifts into the range of experimental fre- 
quencies, and relaxation in 0 2 becomes the overwhelm- 
ingly dominant process. The N 2 relaxation frequency 


shifts to such low values as to make no detectable contri- 
bution to the sound absorption. In these figures the ab- 
sorption per unit wavelength fi a j r , evaluated from equa- 
tions (8) and (19), is plotted to emphasize the 0 2 relax- 
ation peak. The data are used to best-fit / vo by varying 
/vo until the sum 

S = ^ ^ (Mair Mcr “ Mvn ” Mvo) (21) 

reaches a minimum. As in the above procedure, (i cr , 
fiy n , and o are given by equations (11) to (13), and 
/vn by equation (6), even though the choice of / vn is 
inconsequential. 

The best-fitted N 2 and 0 2 relaxation frequencies are 
summarized in tables III and IV. 

Relaxation Frequency of N 2 

Figure 3 shows the N 2 relaxation frequency / vn 
plotted against absolute humidity at temperatures T 
of 20° C, 30°C, 40°C, and 50°C. The symbols are the 
results of the present measurements. The straight lines 
represent relationships of the form 

/vn = Oo ■+ Uih (22) 

for the ANSI standard (eq. (6)), the best fit to the data 
(using /vo of the ANSI standard), and the results of 
Zuckerwar and Meredith for binary N 2 -H 2 0 mixtures 
(ref. 10). It is apparent from these figures that the 
measured relaxation frequencies lie between the ANSI 
and binary values at all temperatures. The 95-percent 
confidence intervals of the slope ai, taken to be plus 
or minus two standard deviations, are ±29 Hz/mole 
percent or ±12 percent per mole percent. The best- 
fitted slopes are summarized in table V. 

Relaxation Frequency of 0 2 

Figure 4 shows the 0 2 relaxation frequencies /vo 
versus humidity for the dry air samples. The circles 
represent data from the present measurements in the 
temperature interval from 10°C to 50°C, as listed in 
table IV. For comparison the squares represent data 
from Harris and Tempest (ref. 4) at temperatures of 
-40°C, — 20°C, 0°C, and 20°C. The solid line is a 
plot of the ANSI relationship (eq. (7)). The measured 
relaxation frequencies in this range of humidity remain 
remarkably independent of temperature. Both the 
data presented here and those of reference 4 reveal 
a significant trend away from the ANSI standard at 
low values of humidity. The ANSI relationship can be 
made to pass through the low-humidity data points by 
suitable adjustment of one or more numerical constants 
in equation (7). 
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Summary 

Thirty sets of sound absorption measurements in air 
at 1 atmosphere are presented at temperatures from 
10°C to 50°C, relative humidities from 0 to 100 percent, 
and frequencies from 10 to 2500 Hz. The data are 
used to evaluate the relaxation frequencies of N 2 and 
O 2 for each of 30 sets of meteorological parameters. 
The experimentally determined relaxation frequencies 


reveal significant differences from those specified by the 
current ANSI standard, Sl.26-1978. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
August 23, 1984 
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TABLE I. COMPOSITION OF GAS SAMPLES ' 


(a) Molar composition of test air 



Composition 

Constituent 

Requested 

Actual 

O2 

20.9 ±0.1% 

21.0% 

Ar 

0.9 ±0,1% 

0.893% 

co 2 

330 ± 30 ppm 

348 ppm 

h 2 o 

<5.3 ppm 

(dew point, — 65°C) 

20.6 ppm 

(dew point, — 55° C) 

n 2 

Balance 

Balance 


(b) Molar composition of background gas 


Constituent 

Actual composition 

n 2 

89.5% 

Ar 

10.5% 

co 2 

<1 ppm 

h 2 o 

<2.5 ppm 

(dew point, — 70° C) 


TABLE II. SUMMARY OF METEOROLOGICAL PARAMETERS 
IN AIR-WATER- VAPOR MIXTURES 
AT 1 ATMOSPHERE 


Relative humidity, percent, at temperatures of— 

10°C 

20° C 

30° C 

40° C 

50° C 

1.1 

0.60 

0.45 

0.36 

0.28 

2.9 

7.1 

13.7 

9.4 

6.2 

9.7 

7.9 

24.2 

16.5 

17.4 


20.4 

38.3 

25.7 

28.8 


28.3 

46.0 

32.9 



35.5 

52.1 

47.9 



45.8 

65.5 




65.3 





73.5 


i 



91.2 









TABLE III. SUMMARY OF EXPERIMENTALLY DETERMINED 
RELAXATION FREQUENCIES OF N 2 IN AIR 
AT 1 ATMOSPHERE 


Temperature, 

°c 

Absolute 
humidity, 
mole percent 

Relative 

humidity, 

percent 

H 2 relaxation 
frequency, 
Hz 

20 

0.165 

7.1 

43 


.180 

7.9 

30 


.508 

20.4 

207 


.689 

28.3 

201 


.933 

35.5 

255 


1.20 

45.8 

295 


1.49 

65.3 

432 


1.82 

73.5 

425 


2.22 

91.2 

476 

30 

.579 

13.7 

282 


.976 

24.2 

228 


1.62 

38.3 

504 


1.97 

46.0 

597 


2.21 

52.1 

588 


2.88 

65.5 

687 

40 

.672 

9.4 

297 


1.20 

16.5 

385 


1.79 

25.7 

566 


2.43 

32.9 

692 


3.42 

47.9 

800 

50 

.776 

6.2 

304 


2.12 

17.4 

589 


3.39 

28.8 

931 
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TABLE IV. SUMMARY OF EXPERIMENTALLY DETERMINED 
RELAXATION FREQUENCIES OF 0 2 IN AIR 
AT 1 ATMOSPHERE 


Temperature, 

°C 

Absolute 
humidity, 
mole percent 

Relative 

humidity, 

percent 

0 2 relaxation 
frequency, 

Hz 

10 

0.0146 

l.n 

29.7 


.0395 

2.94 

425 


.1304 

9.74 

1110 

20 

.0147 

.60 

22 

30 

| 

.0195 

.45 

29 

40 

.0256 

.36 

84 

50 

.0333 

.28 

131 


TABLE V. BEST-FITTED SLOPE a, IN THE HUMIDITY 
DEPENDENCE OF THE RELAXATION FREQUENCY 
OF N 2 AT 1 ATMOSPHERE 0 


Temperature, 

°C 

Best-fitted 

. slope, oi, Hz/mole percent 

ANSI (eq. (6)) b 

Binary N 2 -H 2 O c 

This work 

20 

350 

191 

239 

30 

368 

199 

265 

40 

387 

208 

264 

50 

406 

216 

277 


“See equation (22). 
6 Reference 3. 
“Reference 10. 
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Appendix 

Sound Absorption Versus Frequency: Plots 
and Tabulated Data 

The sound absorption is plotted and tabulated for 
each of the 30 data sets listed in table II. 

The sound absorption is plotted as absorption 
per unit wavelength, in figures Al, A2, A4, A14, A21, 
and A27, where the air is sufficiently dry that the 
O 2 relaxation peak stands out prominently above the 
background. In the remaining figures, a, absorption 


per unit length, is plotted. The symbols indicate the 
measured points listed in the tables. 

The dashed lines represent the sound absorption as 
specified by the current ANSI standard (ref. 3). 

The solid lines represent the best fit to the data 
by the method of least squares. For the data sets 
in which a is plotted, the total absorption is fitted 
to the data with / vo given by equation (7) and with 
/ vn as the adjustable parameter. For the remaining 
data sets, the total absorption is fitted with / vo as the 
adjustable parameter and with N 2 relaxation assumed 
to be negligibly small. 
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MEASURED SOUND MEASURED SOUND 

FREQUENCY ABSORPTION FREQUENCY ABSORPTION 

<Hz> <NP/!OOOWL> <Hz) <NP/1000WL) 
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RELAXATION FREQUENCY OF NITROGEN <ANSI>= 

<REF 10)* 
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RELAXATION FREQUENCY OF NITROGEN (ANSI ) = 67.7 Hz 

(REF. 10)* 2? Hz 

(BEST FIT)* 32.9 Hz 




MEASURED SOUND MEASURED SOUND 

FREQUENCY ABSORPTION FREQUENCY ABSORPTION 

<Hz> CdB/lOOOm) <Hz> (dB/lOOOm) 


APPENDIX 



CO CO _ w _ 00 S) CM 

— CK sr ND CO CK CM N — K O CM CM N CM 
OM-Ot'OWO'OOinCK^WM-NN 
CO CK - .©N'O'N'OID • • ■ • ■ ■ 

- • ^ ‘ - V • * - wOQ-rKOvO, 

oocK~~Nco-ocK(Koo~~eM~.~^ 


'O N CO >0 N ^ ^ CK M- W CK in r\ N 
■^•IO-«^tNIOCMCOCM-.-.CMCK^NO^ 'O 
OM-CKM-COoM'ONCO^rHO^'fl^jCOCO 


CO IS. 00 CK CO "O -I CO CO 'O *-t O- N O W 0 N 
CM CM CM ~ CM CM CO CO CM CM CM CM ~ CO CO -O M* CM 


m in in in tn in m- id in to <r in 
uouoin'OooooGO-cooo — oooo 
OOOOCM'COCKCOCMNCMCOCOOON-. 

«^ro)N . . * . . 

• - • -OCKCKCOOOCO'OkOOOCKCKCK 
CO CM "0 O O O CK O O CK O CK CK. CK CK O 
CM O CK- O O O O ^ (M CM CM CM CM CO 

0 0 CK ^ « rH ^ ^ ^ ^ ^ - ^ ^ 


in in in *t in in in in m in in in in in tn in *t 

CKOOOOONOOOOGOOOOO 

OM 3 oCMin<K 00 -* 00 O 00 M‘C 0 N 0 o-~CM 


CK CM CM 'O in On (K CK 00 CM — <3" CO N O 'O 
OO'hO'OODCOO'. OO^OO^O^O 
co ^ ^ w in in in s) n n o cm co in 

— _ ^ _ _« ^ ^ ^ w w CM CM CM CM 


00 

'O >C M- M- 0 m CD CK in CK 

O N 00 Ck CO CK CO N CO CO -i 00 O ■—* 

CM-tCMCMC0'3*'OM500in -NX) • N 


rv CO CO CK N N CO CK ^ ^ ^ Ov CM CO rv. 00 N CK KQ 
OO'ONCMN^rOOCKCKCOoCK^CKCMNCMinin 
■5TM)CMO^CMin^COCOino^NCMC30oCO - 

* • ••*«•-••••* IO 

-.CMwCMCO^rCO'^rCO'OinCMCOCONOOOOCK^ 


in v £ ur^ sr £ w in ^ in in in <»• *r < 3 - in in in in in in in in 

in ^^r <J ' oC)s(> ' CSoO,:,!)(1OoO O c:i ®®OC)OD000(KOCK(KOOOOD 

o a) oo <» co ^ o sr cm in in oo cm co M) ck in ck co >o o co oo in >0 M) o c» K 

t MO K <• • • ■ • - - ■ - ■ • • . . . . . . • . « * , , , . . . . 

. ■" • • ••CM — ocKCKOON'OininN'Oin^rco-iOooscocMootnin^cM^oco 
&I2, l £!i r £2 oCMCr)ro ^ ir)NGOC> ' 0 ~ OJC ' 0(0><)0 *'** ww ~- ,cvloo cMco<3-cocKoo 
co5rinrvqo^^*-.^^^.^^^(McococococoM-^M*^Mninin'0>OM)M)'OKoo 


N 

N 

N N 

X 

XXX 

^r 

(K 

cm 

M) 

••* 

• • 

CM 

CM 

- in 

CO 

N 00 CO 



ll 



ll ~ 



~ K 

O »-H 

II 

II 

— U. 

y>. 

/“N 


i— i 

M 

. f— 

CO 

z 

CO 

z 

Ll CO 
LU LU 

€ 

t 

££ OQ 

V 

N/ 

'W' -W 


Z 


z 

UJ 


LU 

CD 


CD 

O 


>- 

a: 


X 

h- 


O 




Z 


lo- 



co 

U- 



o 


> 



o 

> 


z 

u 


LU 

z 


D 

LU 


C 3 

3 


LU 

o 


QC 

Ui 


Ll 

QC 



u. 


Z 

z 


o 

o 



►H 


h* 

H 


•sj 

<X 


x 

X 


<r 

<r 


j 



LU 

Ui 


QC 

£K 



20 




MEASURED SOUND MEASURED SOIWD 

FREQUENCY ABSORPTION FREQUENCY ABSORPTION 

<Hz> <dB/l OOOm) <Hz> (dB/IOOOm) 


APPENDIX 



00 10 0*0* NtOMtS) © 0* ft 

CMCMOs©ftftft©N<a*CMOsftOs'0<3‘CO'OCOCM'ONCMNO*<r©CM©<l*~»COOs© 
*H O 10 O IO ^ N S) « If) W m N 0) (D M» in W CO MO <» O N O CO O 00 N M* o 

W^r V WlOriN ODO^IO^ N -10 • • 00 00 • • 0* - ■ • • ■ CM • • ’ • • • » 

• - - • • • - • • • « • CO • 00 04 - * V CO »ION-n <SN • © CO N CM © CM *f 

Ok M) M3 00 N N >0 Os N 00 N Os — ■ ** Ok "ST -« >0 th ti *-i *h Os *-i *-» 04 Csl (VI CM CM 


loiofl-ioioioiomioioio^rioioio^ioioioioioioiOTr^rTr^mo 
ft ft o* ft ft © o © © © © © © © © © o © © o © o © © © © © © o © © © © © 

-x'.o W ^ » ®NN « 10 O >0 O ^ O WN ^W>0 N>0ir O « 4 0s O N NW 9- o 09 

CO N Os CO CO ■ • • ••■• • •• ■ • » • • • «•••••• •• • « 

■ . - . - <f *r © © N s© CM CM ** ft ft O* <T O* © CO CM M) ft O* © CM 0 * CO CO N © 0 s N 

•oioooinosH^o-HWOso-^o-Nao^oOsoo^'Ooo^o^-HO 
CM (0 - CM 0 * © O ©--«-<-« CM CM CM CO CO CO CO <«* <T ft ft M> N K 0 s © ^ w <M CO CO ft 
©©0 s 0 sO‘ — -*-‘-*~*'-*-«*-«~*~i**.*^^~«^*h~ 4^^^.«CMCMCMCMCMCMCM 


Os CO TrNOONCO©Ov©^N O*<T©O*CM>0ft'0«~ 
ft M) ft © © N COCMCMftftftCM<r~<ftCO-««Os-'NCM*r©Os©-«CMftCMCMO* 

N*f**M'CMM3ft0sftM>CMCMCM©'0N**^-«ftftCMs-.M>CM**C0C0~~©ftC0-MO 
N'OCOO'OMDCOOsOsNOs • • - • • • • • • - • • • • • • • • • ■ * • * 
• • - - - • - - - - • - CM CM — CM CO CO CO CO CM CO O* ** CM CO CM ft CO >0 K *0 CO 


«• ft in in m* ** *•« in *• ioo*^^rioioioioioiotoioinioiotoinio 

Ml" ft •* © © O CO 4VCM O 0* 0 © © ** O © O © © © © © © © © O CO © 0 O O *« 

© © © O © © CM S) CO ■*+ ft Os CM NO © CO .00 M) © © ^ N N CM © CM M) © ft © ft CS CM ft <h 

« . . • CO ^ ~ © * 00 N >0 M> ol 0s 00 N MJ *Q CO CM ~ M) >0 ft CM * * 00 © ft fl* * N >0 

>0ftl0<roCMC0<rftN©0sO©^CM©ft'0"HCMC0©"~<N©-«CMC0<r©0sO©~ 
* M) N © « *« -« ^ ** ^ « CM © CO CO © © © tf ** ft ft 10 ft >0 M> >0 >0 M) >0 N © © 


N 


X 

N 


N X N 

o 

X X 

IS. 

© 

© 

Os -N 

<r 

© O’ © 

TH 

^ © CM 


, H 


I ^ 


Ah 

© M 

II 

II ~U. 

A 

A 

M 

•— * h- 

© 

© ti. © 

1 

ZUJUJ 

Z a © 

v 

V V 

s 

§ 

© 

© 

o 


cc 

x 

H 

Q 

1-4 


z 

U. 


O 

IL 


o 

>- 


O 

> 

Z 

o 

u 3 

z 

3 

© 

a 

=> 

ui 

© 

ce: 

lil 

UL 

X 


U. 


5 § 

H »-l 

h* H 



U1 © 

a: a 


21 




MEASURED SOUND 


APPENDIX 



N 

X 


> 

o 


D 

<3 

in 

O' 

Ll 


o 

03 

00 

■< 


g> 


s 

kl 

<U 

ft 


a 3 


« § . 

•a ^ 9 s 

rt o O 00 ^ 

.9 i> ^ oo fo 


§ 

f 

I 


<N 1-H o <M 


2 2| s 

& i 'o 

a 8 _§ -2 

H pL, <J p2 


s 

— 

H 

6 

o 

© 


10 

N 

N 04 

00 

N 


— 

'O 

>0 

in 


CO 

N 

£ 

in 

04 O O 

04 

>0 o* 

N 

IO 

04 

— 

*r 

CO 

N 

*■4 

CO 

<fr IO - 04 >0 IO 04 
>0 Ck 04 04 CO 10 00 — 

04 

Q- 

o 

04 

o 

S) 

n ^ in 

04 

S5 

to 

'T 

'O 

* 

■o 

CO 

© 

oo ck in 

CO CK 

00 

10 


10 

CO 

04 

coo- m^rco — - 

ft-* 

{£ 


04 

00 


N ^ © 

*0 

N 

'0 


N 

• 

04 

ft 

.* 

■ . ■ 

00 • 

. 

. 

'O 

ft 

. 

>0 

^ ...... . 

.ft 

O 

\ 

.. 

• 

. 

* * -ft 

. 

. 

. 

04 

« 

0 

• 


© 

01 V - 

. in 

© 

04 

. 

CO 

*• 

ft 

•© — ''0 — “’OCO© 

o 

CO 

OQ 

<r 

00 

T3 

V 

CO 

Ol 

CO 

10 IO 10 

*t 

N 

IO 


<r 


0> 



»-l »H 

CD - 

— 


*0 

— 

— 

CO 

------ 04 

04 


cj totoin^io^ioin^^rtoin^^inintnintf^ininininininioinio^inv^Tr 
Z in © © © o © © © © o © © © © © © o © © o © o o © o © o © © © © © o © © 

uj s*. cd n in n 'O n o in n n in Os n n o 1- co in w n 'o o a « « oo 'O o n in ^ w n 

3 N N * • • * « • • ••••••• - • • ...... .... . 

C3 X •COO4'O'OIOO©C*CO<OO4>O>OtOoC*COOI>OinNN'O'O<*CfcC*COCO^0inCOCOCO 

Ul ^ OIOh^O’hCkOOCKOhCKO^OOCK^O-'COVO^OO^Oh^WO^w 

q : c*. © © © — — — ototoKocooMr^rinmw'ONNcooo©© — — — oiotcocominio 


N 

I 

N 

N N 

CO 

X 

X I 

o 

CO 

04 — 

— 

IO 

— © 

01 

04 

— 01 

N 

II 

.A 

^ t- 
© — 
— u. 

/*N 

/N 


— 

— 

• h 

CO 

CO 

U. CO 

l 

V 

i 

V 

UJ UJ 

a: a 

V V 


a 

oSE 
co — o 

ot§ 

uj &: - 
a: o \ 
d co co 

CO CO TJ 
<E ~ 


S 


N 04 >0 10 >0 04 CO CO *• 10 CO OvlO CO N 04 01 04 10 00 CO 
CO - IO CO — 04C0C0OMT — (**1*01— CO©OCOCOO(*(OK&vN'OinCO — **«■ — 
'0<J , C0in(0CKO00NNO^^'0O^O<fMrt'00^^NMn^WMtDtNC0NO^ 

— CO'O'OIO^COCONCDKOvCO • 0^ • « • • • • • • • ... • • . 

• ■ - • - - - . - • - * • — • — 01 04 CO 04 CO CO <0 04 — CO 04 IO ** 04 CO >0 <J* 01 CO 


ui /*n 

IO 04 

3 N 

O 04 

a i 

CS CO 

UJ ^ 

. . 

QC 

'O 5 T 

Ll 

*T CO 


in w<r<frco<rcoininio<rinio<fr*-fl‘*r<r*‘<rtnioininioininioinininin 

OO04C*0vOC0C0© 00 00 C0CQC0 00 00 C0C0CDC0C0C0C0C0C0CQC0O©©G0O©© 

-»0s'<Joc0CM0sC0"0cso , ^C0«0s0sC0r^o'0^'C'!ri^No^-0N'00s^in00in 

C0-©oC*C0ySs5^C0D^C0Ny5inCM04 — — 'OSJtfVO^OONlOVCONsSuW©^ 


22 




MEASURED SOUND MEASURED SOUND 

FREQUENCY ABSORPTION FREQUENCY ABSORPTION 

<Hz> <dB/1000n*> <Hz> <dB/IOOOm> 


APPENDIX 



CM Os Os 0) X3 03 CM S3 « I n M3 

cm in co Os m 3 n o. 03 in cm co o> M3 © in co cm cm -« Os cm in M3 0) — in o. 

•<3'!rin0sin0sCM«NN0'0CMina3o0soCM^in0s^0sN0000sN0'0a)CM^r'0N 
CM Os M3 O CM *t CM 03 M3 CO 0* CM CM CM *t 10 CO CO - * CM • >0 • • • - ■ • » * >0 « 
■ . ■ « • • ■ • ■ « . * *»«■■■ CO CM • '-i • 03 03 Os 03 CM O Os W 
03 03 CM^inCM^-^'IOM*a3^-in^flOOON>0'«^M)wN^^^^.^^-H^CO-» 


minininininininin^rin'rinininininin^vinioinTr^intnin^'in 
^inmoooooooooooooooooooooooooooooo 
~0sOtoO<rM3oW0sinC0CMC0N-.'Q©«3vCK<rNCM03UVC0<rN(»Oin0sl0 
m oo cm * ... ... . . . ... ... . . . . . . . . ..... . 
• ■ •toin0sC0CDCM~«'0inin©0s0sQQ03tM'0'00s0s~«o03C0N-«’M©CQC0 
03 CM M3 O <y © ^ Os © W Os Os © ^ ^ Os © © ~ Os © © CM Os O 

00 0s0sO©©«-.NCMCM03 03 C0 03 ^^rinintn'0NN©©^^.CM0303 03 5fin 
©COOs^^^^^^-H^^^^^^^^^^^^^CMCMCMCMCMCMNCMCMCM 


w CM 0) ^ in ’q' N CO 03 N Os in in 03 CM Os CO 03 N CO 
cmvcocon^. q- in^coosCMincMinN^rincocococoinooNOsCo^inN 
in©-*OsCocMM-CM^^©-.N©q*in^'q-coM3M3intrNOsNNininosOoo3Co 
« ~ CM in M3 M3 M3 CO CO - N Os » . » ■ • • * ....... . . . . . . . 

• . • . . . . - - ^ 03 03 0) CM CM CM 0) CM CM « CM ^ q- *• 


cocMCMininin^inq-^rin^rq-q-q'in^v^rininininininininininin 

^iNCKCOCOCOOOd03COCONCOOOOO©OCOCOCOOO©©0*-*«H « O — i Q 
C0C0O03CM'0oq-C0'<3VC0N«in03 03 C0CMinwM)0sina)03C0CM03N©^--, 

. . .C0CM^^©0s00N s 00s0sQ0 < ^^03C0CMN s 0CMO0s0sC0C0 > 0ininC0N 
M3 >0 in © CM 03 q* in in N Os © -« CM 03 o 0 -4 CM 03 ^ CM CO CM CM 03 in CO O* O © CM 
M-in'0~.~.~. -4 CM03 03 03 q*<r*-M’q-|ninin'0>0 M3 M3 '■OM3NONCOGO 


N 

X 


>0 

00 


03 


03 


N N N 


X X X 


m co in 
rt <r m 
03 -4 CM 



S 

§ 

CO 

CO 

o 

X 

H 

o 

HH 

z 

u. 

o 

u. 

o 

> 

5 

s 

Z 

X 

UJ 

a 

3 

UJ 

cs 

X 

UJ 

iL 

X 

LL 


s s 


H 

<r 

<5 

5 

UJ 

UJ 

X 

X 


23 




MEASURED SOUND MEASURED SOUND 

FREQUENCY ABSORPTION FREQUENCY ABSORPTION 


APPENDIX 



o in n © ~ too-*- in Os 

o Os n co ^ Ov in Os m o co n n co in « 04 w n cm in * >o © 

o co Os *o « o w w n co *r n m *-« cm os o 

— co co © co co n • <r >o co in « - in • © © « * ^ • ** Os • • • 

\ ■ * » » • • • « *-» ■ • • ■ o a ai ■ ■ 04 • CO • ■ © O © 

do «'0vM0in< , in««fflin'C0«^5r^fl , 0sH.^OH0sN-^^ 

T3 


inm»a-inininin^^rininin^inininininin^5f 
in in in in in in in © os © © © © © © © © © o © © © © © © © © © 
<-■ © © © © © Os © in © n -i in © <r k n >o -. © n *■* © © © © in Os 

n >o <r © (V| ^ os • • ■ • - - - • • • • . 

x - • • • * • »w©o4'Oin**Os©o4'0>oOs©©©NN~©©r's. 

s-' inos©Nrr©^-M©^Os©*HOs©oOs©o^w©Oso©*HOs© 
© © 04 © Os Os O <V 4 04 04 © © © - 0 * in in >0 N N © ^ 04 © W 5 T in 

N©©tt©© 0 s**-**«.-« *-«*■* ^^^^ 04 © 04010 I ©0104 


£ 

o 

o 

O © 'O -4 >0 V <K O *h©^^> 0 ©©N 

-« Os©*-, cm "om'Oino m © « w « ©to ^ ^ in n ^ >o o 

\ 0s04 o©^r«©©^.o^© 0 s©^.N 0 0stf3inN>0 — No — OsininN 

© O 04 *r<f N © © K © a • • Os - - • - • - • * - • • - - • • - 

*0 a - a a • - « - • ~ ^ *H © © © © © © © 04 © © © UO 


in w * * in in in in in *■ in in in in in in in m in 

~ m w in o © © o Os © Os Os Os os Os © © © Os Os o Os o Os o o © o 

n o © a o in © cm © © n >o o >o in Os >o — cm Os © ** in oi ir Os *• © © © 

X © © © N * a 

~ • • • • © CM ** © Os © N K © Os © N IS 01 © © K N © Os Os © >0 

n in in *• © our >o *o N Os © ~« 01 © in "0 ~ © * © « oi © © *• in © Os 
•?rsoN©*M^a-.^^^*M©©©©©©5r^^ininin'0>0'0'0'0>o 



24 




APPENDIX 




§9 

*-• o 

!r ° 

CL O 

cc - 

8 © 
© CQ T3 


o 

to 

o 

UJ 

X 

3 


s 

X 


<c ^ 


in in to 

© Os M)N-*CO(StinOsNNN©inCKM^^M)l) 
^tr'ONto^WN©©©©o'0©cnnmovWWoio«nNN 
N Os © © w in in -« © -* N © W © © © N -« © © « M) N >0 • • • 

so ^ co ^ in in 5r ir5 co n in n to no o5 oo in n co s5 2 n co n 2 ^ ZI 


in in m in in in in «t *r m in in in in in in in m m 
ininininininoooo © o ooooooooooooooo 
o©o©cocoininocoNM'Oo^CMNinincooKin^rino-*^ 
© oo in Os n n • ■ • • • • - - • « ... - • • . * • • ■ 
• • - - • sCM'OsooOs^cocoNso^o^rco'O'OOooo^'^r 
cosoin5r©co^©'^o©Os©*-iO^«Oso<^©o«co s oN^^ 
OO-N«0^O^.«NM0lC»fflnttl0l0'0NN®0s-WI0 
N © © ■ © 0s Os ~ ~ ^ « N N 04 


Q 

§2^ 
8 21 
o fc§ 

U1 C£ ~ 
Ct: o \ 
3 to 00 
to CO TJ 

s 

z 


n co m os co ^ « cm co o^ cm in n 

CM (0 trCO'OCOCMN<r©-.CMinCOCM^NNCOOsCOCM<M CO 

in sq «■ w in ** © ©©-. © m © rs © w k in Os wc* © m> n © 

- «r so © in in © • • • * * * • • « • » • • • • • * • 

•*•*•*•• • -* ^ ^ CM CM CM CM CO ~ CO CM CM CM CO CO CM <T 


N 

X 

<r 


N N N 

x x x 


-q- CM CM 

AT CO CO CO 

in in cm 


,i J 

^ K 
© *-< 
II « ~ U. 

/s ys 

*~t • h- 

CO to U. CO 
Z ZUJUJ 
$ TLtzta 

V V V V 


§ 

to 

O 

oc 

K 


u. 

o 


uj a 

O' UJ 

Ul 

IL 

§ s 


z 







in 


in 



m 

in 


* 



m 


in 

in 

m 

in 



in 

in 

in 

h- 

H 

UJ 

A 



CO 

Os 

M3 


© 

© 

© 

o 

© 

© 

© 

Os 

Os 

Os 

© 

© 

o 

© 

© 

© 

© 

© 

o 

o 

o 



3 

N 

00 

CO 

00 

SO 

<r 

*-» 

Ov 

"0 

© 

in 

© 

Os 

© 

© 

N 

CM 

SO 

Os 

© 

Os 

M3 

Ov 

© 

© 

© 

© 

© 


y 

a 

X 


CO 

k 


■ 

• 

• 

• 

% 



« 


■ 

• 

• 

• 

• 

• 

a 

• 


a 

9 



• 


tf 

UJ 


* 


CM 


o 

Os 

© 

SO 

>0 

CO 

© 

in 

in 

CM 

CM 

CM 

■Ft 

© 

in 


© 

© 

© 

M) 

M3 

MT 

© 

1 

i 

X 


in 

4 

o 

CM 

<3* 

in 

© 

Os 

o 


CM 

in 

M3 

O 

© 


CM 

to 


© 


© 

© 


in 

© 

Os 

Ilf 

UJ 

CL 


so 

© 

▼-» 


*K 

*•« 

*>4 


CM 

CO 

CO 

© 

to 


<3* 


*T 


in 

in 

M3 

M3 

M) 

so 

M) 

SO 

M3 

tt 

o: 


25 




APPENDIX 



N 

I 


> 

O 

Z 

LU 

=> 

G 

LU 

O' 

Lx 



O O £ 
CO M O 
H O 
O 0 . o 
LU (* « 

o: o \ 

3 C 0 Q 3 
to 00 -o 

a* w 

r 


O' <3* 

TfCMr'.inC 0 ~.CMKCM 0 'C 00 N^ 0 N<rCMM)<fNC 0 oNCM' 0 M- 0'(0 
OsUON^^oco^coinco^ro^Ninco — ' 3 '^>on'Cs 3 x>^n 
vincoinsJNMNmo^Tr NNt n^wo • 04 -com von« 

••■•■■« ••••»• o • O 

in^in^oooow'OCocoN^cooo^ooo^rio — Ov-CKOsinco^-N 


& 












in 

in 

in 

in 

in 


in 

in 

m 


m 

in 

<r 

in 

in 

<r 

in 

2 


M" 

in 

m 

in 

in 

in 

in 

in 

m 

in 

0 

0 

0 

0 

0 

O 

0 

CK 

0 

0 

0 

0 

0 

0 

0 

0 

0 

LU 

A 

CO 

CO 

0 

OD 

0 

0 

0 

0 

0 

0 


0 


O' 

co 

CM 

M» 

0 

M- 

N 

Ml 

0 

CM 

mi 


<r 

CO 

3 

N 

00 

CM 

rs. 

N 

in 

00 

CK 

00 

M) 

0 

■ 


:• 

• 

• 

■ 


« 


• 


a 


• 



a 

I 

• 

• 

• 

• 

■ 


• 

• 

• 

• 

co 

CM 


mi 

'O 

—1 

O 

0 

4 

CO 

00 

4 

in 

0 

in 

0 : 

00 

in 

V 

0 

0 

O' 

-0 

0 

<k 

in 


CK 

O' 

0 


CM 

Os 

0 

On 

O 


0 

— ) 

On 

0 

B-4 

"0 

-H 

0 

CM 

a: 


M- 

in 

in 

0 

VH 

•H 

co 

0 

00 

O' 

0 

<— I 


*-4 

CM 

CM 

CO 

co 



<T 

N 

N 

O' 

CM 

co 

CO 

U- 


N3 

M) 

M3 

N 

00 

00 

co 

* 

O' 

O' 


*** 

«■* 

^4 




»— 1 





y+ 


CM 

CM 

CM 


N 

X 

N 

N 

CO 

•0 

X 

X 

CM 

0 


O' 

Ml 

CO 

Ml 

Ml 

CM 


it 

11 C 

^ H 
o *-« 
It II - U- 

A A 

*-4 *-4 ■ f— 

CO (flll(fl 

5 


o o e 

CO M O 
h- O 
O Cl o 

uu oc 
o: o \ 
3 to CO 
to CO tJ 
<£ v 


a 

z 


co «r co tn m co - -o Ov ts co co mi co co 

CO-^COw^COCONNCO^NOCKOs^OintKCO'OCOOvtK^OvCOIOCO 

(OtNOOO^OONOOMNt^fOWCKWOvOvO^rtWCO'OO 

-«CMCoco<rinooinoN - • * - - * * 

• • * • • - - • .^^^^^^^^(Ncowwcococo^inco^ 


>- 


O 

2 


UJ <A 


3 N 

O 

O X 

00 CM 

LU Nx* 

B ■ 

Ct 

in m 

LL 

Ml N 


srinin^in^toinco **wininco-<frv<rcM<r***vinipinin 


© 

>- 

§ 




to 

o 

ce 

H 


li- 

CO 


0 

3 

UJ 

a 

o: 

UJ 

u. 

7 

X 

u. 

-7 

6 

§ 

l-X 

1 

£ 

UJ 

UJ 

C£ 

X 


26 




APPENDIX 




o 

O O £ 
CO t-i O 
H O 
QUO 
hi O' ~ 
QCO\ 

3 c ntn 
co co 3 

2 : 


§ .a, 
3 N 
© I 
LU v 
tt 
U. 



io tn <9- io in id in in in «r in in * to in in <r in <r in sr <r in 
intninininooooooooooooooooooooooo 
o o o o 'O w in 0 in o 1 - co w t co n Os n^Nowcooiwin 
<r in co co cm - . • ... . . . ■ - - - - ■ - . > • • • 2 ■ 
- . . - .inv^flow-i'oin^ <scoNW-.^inNNoinNint 
in 0 s(' 0 ( |, )' , 0 o^ 0 'OO’i 0 'O*H 0 'O^CKO'HCKo*H' 0 ’*<^«w 

oOK0<so^ooo^N0NW00v^vinininNNaoww0 

fS. IS. 00 00 Os ^ m H ^ H 'H r*« a-* »** .*•* wt M a*. ^ Wl W M (V| 


N 

X 

N N 

N 

>0 

XX 

X 

CM 

NO 

>0 -i 

NO 

o 

5J- ** 

N 

00 

fs 00 

<T 


H 

O 

# II ~ IL 

•r\ /\ 

M N • J" 

CO CO UL CO 

Z Z W UJ 

$ 5 a oo 


a 

is 

CO « 
O Cl 


2 


© 

o 

o 










00 

IS. 

00 

Os 

in 

N 



00 


CM 

N 

NO 

CM 

NO 

N 

in 



00 

*r 

00 

N 

CM 

N 

00 

NO 

*■ 

NO 

in 

o 

N 

CM 

NO 

CM 

Os 

CD 

a-< 

«4 

© 

00 

in 

0k 

Os 

\ 

CM 

Os 

W< 

Os 

CM M) 

NO 

Os 

ID 

co in 

N 

CM 


<m+ 

c* 

«-< 

NO 

00 


CM 

NO 

CO 

N 

00 


Os 

Os 

00 

we 

on 

<0 

<fr 

nQ 00 

NO 


'sr 

N N 

a 

■ 

• 

a 

a 

. 

a 

.a 

a 

. 

a 

a 

a 

a 

■ 

a 

CM 

a 

3 

• 


• 






a ■ 


w« 

*■€ 

w. 


CM 

CM 


cn 

CO 

*T* 

CO 

co 


CO 

CM 


<[ w 


§ 

§ 

f* 


UJ 

N 

3 N 

Os 

a x 

Os 

UJ N^ 

m 

cm 


u. 

CD 


iO'CCMN<r<rcooooocococoin*rcooococoOsOsio~ininininin 


COCMCM^OOsCOOONIOOsCOOsN'OCOCDCMNnO^OOsOsCO'Ono 


CMWcococococo^r^r^rininsJSJ'O'OSJ'OS) 



27 




MEASURED SOUND MEASURED SOUND 

FREQUENCY ABSORPTION FREQUENCY ABSORPTION 

<Hz> (NP/1000WL) <Hz> (NP/1000WL) 


APPENDIX 



SHiDN313A¥h 0001 H3d d3d3N 'tf 


CO CO 

o co o oo in ^ n cm w 

00 I 'O-4C0NCM~4<J'~«C0 00 ~» (M I ^ N in in W CO CO Os CO 00 M> CO «r« - N CO 

'OUIIONNID^W^CVI V «OOlll C»)NMOO^NO'0O^ MO OO«O'0N-OOO 

** N O *“< O O • » O’ O • *Nm« • o *> O O ■ it -CM ■ cm • • 

• I - • - . I . . - - . • I I I - - I I • • - I - I ■ • I * I • I • • I • I I 

\ 


Os (S CK Os Os Os Os Os N Os Os in Os Os Os Os Os Os 

OsOs NOs OsOsOs O. Os Os Os 00 Os Os 00 Os Os OsOsOsOs 

NNNooooin^oocoinossoos^^rOsincoos^s)^>oino O^^rin^'oco^cococo'o^ 

so >0 o* • ••••» . • - • •••••»••*•• 

• - . •oo'omin^ooioin'Oinin^o'Oininio^^^ ^ co ^o , oinin^' 0 ti 0 ' 0 >o 

inint^o^&»OHOsOHOHOso^o*HO«ci«osH«^'ooNOHNHOHWo« 
o^NOsooo^^^wcMcoco^rinmNO^ONNNNOOflocoooosoo-M^^oicococoinin 
Qs ^ H fH H ^ «H H <H <H M M M N M N M M M Cl (M CM M 



Os CO N a N 00 CO in Os Os CM CM — « CO 5 T N ~ Os ~ CO N >0 N Os ~ Os CO 

cm ^ ~ co n n >o in oo o >o co c* ** n in co in cm © o cm Os o* m> co n n co «■ ~4 
- • • -Osooooosinin'om>ocococo^rcMCMCMNcoco — o^cmcmcmcmcmcmcm 


o 


*vCM 
~ 00 CM CM N 
00 CM -H O O 
CM CM CM • - 
• • - I I 


in in -4 -4 Os -* co in in co Os Os Os Os cm Os Os os oo os 

V CO CO N Os M* >0 N *4 CM O O © O © Os Os Os 00 Os 00 Os © Os © 00 N 00 N 

Os 00 N N N Os OOQONCOCOCOOs^rOsin >OM)ONCMM*OsinoCMN CO Os (OONoM’Os^fO 

Os m* s-4 in o in 4-4 ■ " • > • • * - ■ - ••*•••*•**»• 

• * ■ • • • » s ^ ^ CO CO CM «4 44 o o O CO co v co n CO O Os O CO CO 10 M* *4 o O Os Os >0 

00 CD CONNM>'Oino^4CMCO^ , in>ONC»OsOsoCMCO^CMCOM‘OO^CMCOONOs O ^ « CM Os 
~ CM *r W ^0 N CB « 4* 4* 4H W ^ ^ ^ ^ ^ ^ N CM N CO <0 CO CO * * * * V W in in >0 CO 00 CD 00 



28 


RELAXATION FREQUENCY OF NITROGEN (ANSI )= 

(REF 10>=* 



MEASURED SOUND MEASURED SOUND 

FREQUENCY ABSORPTION FREQUENCY ABSORPTION 

<Hz> <dB/1000m> <Hz> <dB/1000m> 


APPENDIX 



w^ap f iH 3 i 3 idd 300 Noiidaosay 


in i n ~ oooocM'oin^M-CM^ n co o> co in m co m> cm 

in^^N^co^comn(viooN>o^oNVNcowNMnvin'0^^^o«>oiMN^ 
cm n n in cs in ^ in • • -wo - » • » • ■ * • * m- • • • • - • * ■ * - • • 

• . . . . • - . . <o co ^ - • ^vcmcm n cm o» >o . co *o co co co ** <o o «- m> 

N N ^0 CO S) <K MO h « p< (K <h « ^ <n ^ h « W « Os W « « « W M W W W P) M 


mminin^<rinin<r<riniOioinintnintnfnioin<r^inin<r<riniosr*-<j- 

minininoooooooooooooooooooooooooooooooo 

OOOO'ONrt'OWMfi^NM^yj'Oo^mo^t^VNWOsOWNwO^I’^ 

CM N CM CO • • • • • * « • * ■ .... • - • - • - * * • * • 

• • - * CM CM CO N CO CM 00 CO N N 00 CM CO CO N CO CO 00 CO CO CO 5T *■ CO O CS ** *■ © Os O Os 
— NN^OO^CKoO^CkCko-^O-^CKO — O^CKOO^CKO^OOO^OOOO 
W 0v O « O O O - W N W CM W « t ^ in n 'O 4 >0 N CO C9 Os O O "N ^ N « w w w « 

N N N N N N N N W 


o 

o 

o 

o 

'C CM CM CM CO <9 N OT CO <«* >0 "O CM r* IS •* 00 « N CM 

** xr ^ co os in "o co co ^ co m ~h mj m >o cm «* *r « © n <* m> © in * * m co *■ in co <* 

«■ >0 00 N ^ CM IS. CM © CO tf) MJ CM M> N *• N O W CO © © ID M> *1* CO Mf IS *■« M> CM W >0 00 W 

~ ^ CM CM M* >0 m . 00 CO N N .0. . Os - * - • • .... . . . . . . . . . • . 

. • - . . . . . ~ . . . . ■** • * • .«* ^ cm cm *r *• co <*> tn in oo >© <r * <h n m- ck ck 


m- in ^ooOsCOCO^in^vm^r^'fl'^in^r^^Mninininin 

00M)NM) ^rCOOOOOOOOsOCOOOOOCM^OOOOOOOOCOOOCDOOQO^OOOOOsOOOO 

©moo^co^oino'O^oocooo^in^'OMroMJCMino^ffO'O-KtfMrOs^cKCMincMO 


^ M) CM 00 CO Os 

■ . . • . .W<3*^OOCOCM~~OOsOsCO 

OONNMJ'Omo^CMCO^T'ONOOO^CMCO 
CO^’in'ONOO’»H*-»*H^*^'^*»-<^»CMCMCMCM 


ininM*^--^oooOsOsM)M>inin^CMCocM*H 

o — NCOOsO-hCMCMCOOsOsOCMOOs'OO'^ 

co co co co co v *■ * *r *■ «* in in in *o © oo 





29 




MEASURED SOUND MEASURED SOUND 

FREQUENCY ABSORPTION FREQUENCY ABSORPTION 


APPENDIX 



N 

X 

5 - 

O 

z 

LU 

3 

Gf 

UJ 

Q£ 

Ll 



o 

o 

o 

£ 

T> 


'O N On^N'O^'OCONOO 'O CK — 

'O CO ^ N ^ N CO IO N CO 10 On sr 0) N N N N N S) ^ N © On N ^ © CO N N 'O IO On © 

N0n10^NN0n0n^S)I0C0o^*^C0N>0NC0'0C0C0^0n^0nC 0 — CONiO>ON-«COO 
-H N in to to -O On If) 'O to N 00 O O . N • Os N On « • • • • • • - - - • >0 « • - • 

• (0 • O • • • » IflCO O W N CO ^ N • O N © CO 

^ in in w 'O w mo mo oo N ,00 « oo © n v s) « ^ « - « « ^ ^ ^ co ^ - w n 


to to to in <r to in * to to to to to to in to to to smo to in in in to to to to ** ** in to to to 
miOIOCO0OOOOOOOOOOOOOOOO«OOOO©OOOOOOOOOO 
CO 00 CO to O © 'O N 'O -* N ~ *0 © *0 ^ o IO © O 'O 'O © V CO 00 CO © X) *-« N On 00 CO © <0 
N N © • » * • • * • ■ • - « - • • • » ■ • • ■ ... - ■ • . • • • - • • - 
■ • -NNCONNCOCONCON^’COCOONCOCO^COCOONONCOn-CO^-.OO'OtOw^^N 
'0'CWo«^o*m^o«o^0vo^0no«o«^0no«^«no^wo^©*-no 
^W(Ko©©^^^.NNC0C0C0ir^rTri0IO>C'0>0M)NNNC0©^^^.NNC0C0C0t0 


N 

X 

to 

o 

m 

53 


0) 


N N N 
XXX 

O -H CO 
NO >0 N 
CO ^ N 


>* I- 
© ►”“! 
£ ~ U- 

5 ) UL tj) 

2 UJ LU 

3 cc Co 

V V V 


E 

© 

o 


•O 


On CO (0 On ^ CO N IO IO N N On O^ 0) CO CO <T Os On 100)0) IO ON O) 

— On On CO N N O) On CO On N CO N *■« N *0 10 N to in 10 <0 ~ to On .H CO -« N 0) © *r On 

10 ^ tr ^MO 0) 0) © N 0) O « M) 0) 0) N On N N ^ 0) © 'O 0) 0) On N CO CO ^ CO On © 

-n^Minioin • is. • co ■ . ■ • . - - • • • - • . - • - - .... . - - . - 

• * • • • • • ^ M 01 ~ *« ~ **~ »*«* ~ CM tt N N M N-N N * (9 (910 


^N^toiOTr^rioio^^vioioioto^ioioioio^^^^^^ioioioio^ 
~ X) >0 IO X) CO J* © O *■* © V © © © © © © © © © © © CO © CO CO O CD CO CO CO CO CO CO CO CO 
n oooogONino'o^'CWoonoN^inNMNO^M'ON'Oo'OONVoin^NoiowN'H 

^ • ■ • • • co co w n -I ** o © <s co co n in <tr ^ ^ co © o © th th in to co cm ^ n 

rN.N'0'0l0©^<MC0*<ft0>0N©0N©^CVi«VI0©-H0t(0^O^0tWC0©0t'0O*MO 

Vin>ONCO^^^^^«^«^^WOIOICM04(MO)0)«0)0)W5r«* , SP«iO>OCOCOON 


30 




MEASURED SOUND MEASURED SOUND 

FREQUENCY ABSORPTION FREQUENCY ABSORPTION 

(Hz) (dB/lOOOm) <Hz> <dB/1000m) 


APPENDIX 



w/a P ' iH3 1 0 1 33303 NO IldHQSStf 


— s) 10 ^ CD(^ (ON (MO CM CO CM ^ >0 10 CO 

CM 10 CO CO N O N V CM CO N O' O' CM IO CO 0^ (*) ^ MO O' W O' h ^ OD (OfflON JO' 
© M) 'I* « N © CM CO CM CM CO *•« 10 *0 CM ~ O^N'O'OCO N CM CO W CO IO 00 N CO IO 
CM ** N ^ CM >0 * • N O' - ^ CO ^ » • » IO N • • • ■ « ■ CO O • ■ • CO » • » * J 1 • 

- • • ■ -.OS) • • • • • © O CM • • -I ^ N O O • • N O • CM CM N "0 

10 MJ 'O IO 10 00 O' ~ N (O IO « ^ ~ O' N ~ (M >0 M> *-« CM CO ^ CM ^ 


in 10 to 10 in to w to to in in to in <r in to in to in w to 10 in in to w <3 - 10 in to to m in 

^TOOOOOOOOOOOOOOOOOOOOOOCSOOOOOOOOOOOCDO 

«!D^0)^'0C0WNNO>0W0'tOM>)0'OO'0HOO^'0OI0« , O^C0rt^oo 

O' * 

."0''0CM-«-«NN00C00'00l0<r<r*r©©0''0M>l0ini0'~^©<a*NC0C00'C0C0O©© 

'CO^O«CMO'>'OnOn^O«NO^hOOhN(MOO» > "0OO^0'OmOn»< 

0'©O-«~*«tMCM00C0*-* , * , l0l0i0'0<'0M5NKNNN00C0C00'<~CM<MCMC0C0t0inin 

Os^^-h^^^^^^^^^^^^-h^^^'^^^w-h^^^CMCMCMCMCMNCMCMCM 


N ^ IO CM Ov 3- Os VO 5f Tf MO >0 N O' (S «T *T 

CO — >0MnMnCM0'in<3-C0*'<r'3-C0C0lO00CM~^*'0<r00l0C0NI0*rC0NKC0 000'C0O 

** CM'3'CM'OIOCON — ODCMN^COCO — <1*0' CM VIO CO SMB 00 — ©IOCOIO *TN — *“NlOC0CK 

CM CM CM CM N *0 01 *T >0 <f 10 O' O' IO * - O' * » • ■ ■ • * * - • • ■ - • • • * ■ • • 

. . - . - . . ■ ' . I . • - - - .^^^^NNV^^COIO'OVCM'ON'OVNN 


<r <r to <r to <r in in <r <r <r <r ^ to 10 in jo ^ ^ <r <r in in in in in in to mj 

(MHflO'tOOOCOOOCOODOOO'COCOOOsOOOOOOOOOOCOCOOinooCOODOO 

O^^OCMO^OslO^'OCslNWO'^NWO'WOslO^N'O-'OM'O'^O'OO'NNW'H^ 

CO O' ^ * • • * ' * * * * * * * * * ^ • * " * * • ' ■ • * * • * * * * * p 1 

. . • - 10 * <3“ CO CD CO CM CM — — O O CK O' CO M) IO IO IO <1* CM CM — — N N "0 *t © IO <T <T — — 

N'0'0'0O-«M«1 , l0'0M»0'OCMW»3 , O^0IC0^0'O^CI:0'OWONO^<Mpp 

— — — — — — — (MCMCMCMCMOOCOCOCO CO CO <r<r*-<riOinS)''OCOCQOOO'Os 


31 


RELAXATION FREQUENCY OF NITROGEN <ANSI>= 616 Hz 

<REF. 10)— 261 Hz 

<BEST FIT)- 504 Hz 




APPENDIX 



N 

X 


> 

o 

X 

LU 

D 

Gf 

Ui 

O' 

lL 


s 

o 

S 

Qi 



O O 6 
W o 
I- O 
O Q- © 

lu x w 

X O X 
ID CD 09 
CD 09 *0 
^ <X ~ 


2 

r 


2 . 



D N 

ax 

LU sv 

x 


ift ^ in ift ift ift ift «■ ift ift ift in ift in tft ift <r v <r ift 

DIOtll)Btb^000 00^000 00 0 0600 0.0 000 

oro^o^«NMnvoin*Hin^cos)^o^'0 0)^NOsvwNoN 

Ov N (0 N ^ ...» • « • - • - « . • • - 

. . - . - . *0 « N 09 00 CO CO 00 00 St* © O Ift 1ft N 00 00 *3" <* © 

*• ^ ^ o N o ^ O -» O -« ^ N -h O ~ O ~ O *H ^ Os o © o « *-• 

«C9O^M0^O^^tVlW«0)^ , ^lft'0'0NNC0C0OO^CMC0f0lft 
OOCOCkCkCkCk-. — — — ^C^CMiNCMOsICMCN 


a 


§Za 


CD O £ 
CD - O 


1- O 


O Cl o 
LU X ~ 

5T >0 Ift N *0 th 

X O \ 

(K^N^ODID 

3 CD 09 
CO 09 TJ 

~ ft CM Ov S) CO 



X 



>0 00 CO ift CO Ift «OvNNh'O0« 

. O (O'OVNino'ON^>OCt)^^>O'ON-* 0 N 
I N * Ift CO Ift 0v sr W 04 CO K * N 09 09 W O Ov -IS. 

| ■ NO |f) ■> (S. |S. MS B ••• ■ ■ • ■ » ■ « O * 

. ^ ^ V • ^ ft ~ ft ~ ft N CSI CO Ift 4 * N >0 Ift 


LU a 

N 

3 N 

CD 

a x 

•*-« 

UI v 

• 

X 


U. 

09 


iftift 5 r^-^ios)iftcoift'Osr^riftift^' 0 ^^^ , N^rooco^iftiftift 


Ift *• CO CO ft CM ** w «« © O * 'O Ift Ift Ift ft ft ~ *■« N N ^0 -« Ift Ift 


N 

X 

00 

CO 

09 

N 


.wtMNCMCMCOcococo^r^^^ininift'OOooo 


ll 

II 


vs 


t-M 

<D 

Z 

(D 

z 

<C 

V 

s 

S 

CD 

CD 

O 


X 

X 

H 


w 


Z 

Ll 


o 

LL 


O 

> 


o 

>- 

s 

o 

3 

s 

a 

3 

LU 

a 

X 

LU 

u. 

X 

7 

Ll 

■7 

C 

*-i 

5 


P 

LU 

LU 

X 

X 


N N M 
XXX 

^ Ift N 
~ Ov 
N CO Ift 


I) vs 

A h- 
O hi 


32 




APPENDIX 



8 

I 

o. 




a 

^ ■§ 
O CP 

N 

• tJ 

cS 

Is 

a a 
* 8 

X 

.9 

OO 

P 3 

N Q. 
8 * 

«% 

i 

•»H 

b «J 

CO —H 

CM 
CM lO 

> 

u 



a 

o 



z 

CO 

XI 



Hi 



& >> 

D 

<3 

Ixl 

no 

1 

GO 

2 

.T 3 -M 

a '§ 

QL 

3 

* M 

Ll 

o> 

i— I 
< 

<S CP 
*4 w 
OP 3 
ft £ 

2 * 
3 .fe 
*0 


<L> 

rj CO 
a <IP 
_<y fH 

m J« 
XI 4 > 


r-t OP w ^ ^ 

Go H 0* ■*<! P3 





t> uo^inininininininin4nin«-in<r*rinin***-*-tf<***r 

Z <rwif)tn~»~*©-«o©©-Hooo©^©-«o©a©©ooo© 

UJ ^ 44 © © *4 CO CO Os y) -« K © M) Os Os CO Os N CO 00 N N *T <* Os 

3 N ID CM N CO • « • • • » • • ■ • • » • * 

ax • * » ■NN^coN*r**co©Oscoin*r~«©y>>oo4QO<r«!r©Os** 

UJ V/ 44 *4 © © © 44 <M O *"« Oh © 44 O © 44 O 44 © 41 © 44 44 O O 44 *4 44 44 

X O4H(MC0^^-«CM04CMC0C0^^^rt0lD>0y>NNO^0lNC0C0l0 

X Os Os Os Os ~ <*4 -p* •* 4* -4 -4 -*4 *4 44 ^ « 44 *4 CM CM CM CM CM CM CM 


N 

X 

N N 

N 

0 s 

X X 

X 

"0 

m 

CO CO 

00 

in 

co w 

CO 

00 

CO CO 

in 


W 


^ H 
© *-• 
JJ -* U. 

/■N 

« h- 
CO lL (0 
Z UJ UJ 
3 X 00 


V %/ * 


Ck 

5 S ~ 

O O £ 

(OmO 

QDLO 

uj a: 44 
x o \ 

3 tfl CO 
CO CD TO 
^<v 


s 

r 



~ in i 

n o ( 

X CM 


CO 



Cl 

o 

CD 

O 

Os 

X 

o 

X 

H 

2 

X 

co o 


o 

© CO > 

1 • * 

o 

> 

N "0 

Z 

o 


m 

3 

§ 


o 

3 


UJ 

© 


X 

X 


IL 

X 


S 

M 

X 

5 

M 

in v 

H 

H 

1 *4 44 «■ S 

i CM N X X 

i w m- 

-J 

3 

i -4 CM 

UJ 

X 

1 CO CO 

X 

X 


33 




MEASURED SOUND MEASURED SOUND 

FREQUENCY ABSORPTION FREQUENCY ABSORPTION 

<Hz> < dB/1 000m) (Hz) (dB/lOOOm) 


APPENDIX 



© NNN rs. ©Os Os^lOOs WQONS)*hO^ 

©ininin©*H©-H©<r©invos~Nin~«© 
CO^lD^^ini-OCOH^O’T^NWfiMnnO^tDNWO^VJN&s^OM'CN 
- © © <5* © • *1* © ■ • ■ W ■ ^ N N • • rv N • • • » * * © * • ■ * * • 

—« • « - ■ o • • © ^ • in • • •©© • » © tn © o © ^ • © o © © Os in 


inminininin^r^inin^in^ininin^^r^r^inin^rinininin^r^^rinin 

inooooooooooooooooooooooooOsoooooo© 

© © © so © >o o> n © Os in © in « © so in © is « n © in n *• Os © © *■ w is © © 

"0 • •••■»«•■■•* 

• oo'OsoincMN<M©©©inin^‘^r^-«©NM)©©cMOv©cMNN^©©^ 

OO^()\O«(SO^0sOhS^O"<0'O'hO'h0'ONO*hOO«O^^^ 

(S O O O ^ W W N « to (0 W t t in in M) >0 S) N N CD CO O - ^ N « w in 


is © © in © « in *• © -« is <r © © >o is. © 

~«©isos©in©©in©inin ^t©NN'Ocs«Os'ON«N'OiO'Ot©'ON^ 
© © Os in is © o © in © © -« *r *• in © so ~« © © © ~ is © Os is n © © v *r cm Os 

O © © © W >0 © M3 N Os Os Os Os Os • • • • • • • • • • • • • ■ • • • * • • 

• • • • • - • • • • • • • • ^ © ^ © © © © © in © ^ n © so tr in in 


^ *• ^ ^ cm ^ in Os © © © © © © in ~ © w © © © * w «• so in sr in in in in in 

© 0 %©©©©©(^so©©©©©©© 0 s 0 s©©©©©^©© 0 s ©©0000 

©Trosso©oM)©©^N©Osinors.©oM)©Osin©©os©©N©©©so©^ 

© . . . . . . . . . 

• in *• «• © © © © ~ ~« o © Os Os © so so * in © © © © Os © © in in w * *■ © © ~ 

s© © ~ © V M> © © Os O © © © © *■* © © ** O *■« © « Os © © Os © © 0s o ~« © © 

© .* *« »* «* *« ** ~« © © © © © © © © © © *r *r * <r * in in in so so © os os Os * 


N 

X 

Os 

N 

© 

*■ 


N 

X N N 
X X 

© © © 

o in © 

*M SO 




34 




MEASURED SOUND MEASURED SOUND 

FREQUENCY ABSORPTION FREQUENCY ABSORPTION 

<Hz> <NP/1000WL> (Hz> <NP/1000WL> 


APPENDIX 



SHlDN313ftyM 000 T 83d 83d3H 'll 



35 



APPENDIX 



N 

I 


> 

O 

Z 

LU 

Z> 

GJ 

LU 

O' 

Li- 



Q 

5 S - 

o o g 
co m o 
H o 
a a. © 

UJ oc m 

a o \ 

3 CO CQ 
(0 CO TJ 

j 5 « V 

X 


"0 -NN 00 lD'0'OCO>0<S-NCDCSCO<r*'NCOMM*r 

co *■ ooinmoov^^««' 0 (o>^inN No^NNNWoinN«io«^»ci>^v 

'ONW NN'ClfiO^'SJ'OO'O W(S ^'h'OCONNO^Nh (SCO 0 > OO flO'OC NCO ^ 

~ m co co co oo m • v in co m • * - - • « * . - . .... . . . . . . . > . 

.... . . .q • • • •.OtHWoNO'O'OtfNo.^tOWOlO'flftNO^^ 

'T *■ ** *T TT CK -o m >0 N <* m m m m — -4 m m .*4 m M m m m m <T m m M CO M m M 


fc 

1 . 


3 N 

a x 
uj ^ 
a 
u. 


in in in in <r in in ** in in in in in in in in in in m in in in *r in 

oo in m m in in in in w *r © o o o © © © o o © o o o © © © o o o © © o o © 

ooNooooooiM^t^o^Nti0«(K'0'j , «o'0(0-iD^ininHC0tw 
v m co oo co o n ^ Os oo in • ■ • • « - • . . . . . . . . . . . . . . . . . 

• j • • * • - > • • • co co oo -* - m co oo in in co oo o n in in m m n n m <r m <r 

MOl^MHHNNiniOIOOMOI'ONCOOsO^O^OO^O^^MO^O^^^ 

'OM»oo^foto^Noooooo^ww«wtin'ONNCDCooo^«Nin 

mm «n m m 


N 

N 

M 

o 

M 


N N N 

XXX 

W 00 N 
N *h CK 
M m M 


a 

5 za 
o o e 
co ~ o 

ots 

LU OH m 

a o \ 

3 CO CQ 
CO 00 *0 

z 


in n n m m m 
Ncn>OM>oooininooinvococo 

COhOsIDWo^OOXI^^Wo 
M M N 00 0s> ■ K »N • " :• • • 


M m On m N >0 On 00 M <0 <r 00 M <0 >0 M M M 
MIOWMnNWO'OOOOtWONNNOv^'O^ 
oo^rooo.MooinoooinoooiMio'Oioooinco'O 


• ooMM^rcoininin^rin^-^in'o i*n 


6 

U a, 
3 N 
03 X 

Uu 


^ ^N^^^^'<rwco^inc»ioco>OMxrcD*ioin*r<r<a-«-inininioin 

O’ y)'OOflOOOOOOOMOMONOMoO<OONONONMOOOOOMOO<» 

NjgHO(DtNoNVN 0 N^rH 00 N)«inMovM 0 NC 0 inwotHa)' 0 o(s 

• • ./ • • * * * i m }Q « ? ■«■ ? «* oo oo co m m J © d oo oo co co oo >o >o in in * oo 

©OONNNo«NW^in'ONCOONO-MVOH(V|VIO(KOHN( 0 (SOHNO k o 
^rin'ONcoMMMMMMMM^MMWMMoooo oo oo cooo^v^tr^inininio'o 


co u. co 
z tu ui 
5 a x 


36 




MEASURED SOUND MEASURED SOUND 

FREQUENCY ABSORPTION FREQUENCY ABSORPTION 

(Hz) <dB/1000m> (Hz) (dB/lOOOm) 


APPENDIX 



w/SP '!N3I3Idd303 NOIiddOSatf 


co cm co in 'Oioos oo in to o* co ^■w^ncmsj^'Ocon 

COIOO^OsO'ONMn^^O)WN^ON^^<MO^^CON«W-*lSfO^(»ir)OvKWONCO 

ONCMJ'OCO-WNfHinO'ON^'O'O'OIOCD'OOW^inOsOCOGOCOOOs^O^Win^WN 

oo co cm oo th to • co ^ © • • « • co • * -in • co -in ■ • « o • <s • • ■ * • - - - - • 
■ • ■ • ■ ■ ■ © » • . in <r •■*!<■« o » 'O -co - ■*+ in • in • v w »h « o ck *h in ® >o 


mminin^inm^ininin inin^mtn^Mnin^-intnininin^ininin^rinininv 
mininin^roooooooooooCMooooooooooooooooooooooo 
OOOO^'OtWoNt^MO^roWoVWVHNWoCKh'f'OtoMn^WOvODWION 
(0 O W (MS • • • « » - - • - .... . m ■» » . . . . . . ... • . . . . » . . . 

. , . . . eo oo ^ ~ © co co in in in in ^ ~ oo co in in *• cm cm * co co oo co co © © o n mj ** *< oo co 

00 00 S) W CO O -i (S O <S O (K O -x CD O (S o b -< N O *- © « Cl © *■( N O W O *?• o h © h 

CMC0O'«<^©OO^«^-HCMCM00C0tM^*M‘^ , in'0>0M)NNC0C0C0©O©^'^*H(MCM^ , ^rinin 

<30©(S(SO)'H’M^^'^'h*h«*^«^^»«<««*-«'N"'^"«>^*hC|N(NINNNNP1NPIWN 


N CM >0 * N >0 CM Oh in CM >0 <* 00 to th to CM — V — in^OCM^OONOCO 

oococ^cooocoaHinoHCMM-ocoooHCoooMnncM^oocoNcoin^^rosOocnoofv.o^^oocoin 
COoCOCO<M<^NinM-OOOCMIS.^*M-in*-NN'OM'CMin'0©NCKM'©'<i^CKO^^^CO • V 
CM CO in *0 rt • • N 00 • • -00 - * • • - • • * • • • • • ... * • i • - . - P .*• CO 

• . . . « ^ • • w- w .^^^cMCMCMCOCM^rin^rM-inininN'O'OcomNtj-M-oo — ^ 


in in m in in ~ i n \n * <t *t * in in *ininin*v*‘ < <r**inin*-«***mmin«inwin 

C0>0in©©©M-O©00 00 C0<SO©CM©oN00Q0Q000C0 00 00 C0C0 00 00 00 00 00a)00OO©O© 
ONO'OV-.OO'OCOQsNNinCOONinoOO'OCO-.Os'OCO-pV^NinOOCOCOCMOsMrVCMOM) 

. . .^M)M)ininin^^^v^vcococo©©©©*cocoooQO'0'OinincooocMCM^^«JJJco 

NNN©-CMCO^mM)NNOOOHO-HCM5r<MCOM“inOH©^CMOHO«CMO^M)NOOOO — CM^ 
>ONOO-H*H^^^^*H»H^^^CMCMCMCMCOCOCOCOCO^^^rM-ininin>0>OMJM)>ONNNNCO 



37 


RELAXATION FREQUENCY OF NITROGEN <ANSI>= 478 Hz 

(REF. 10)= 203 Hz 

(BEST FIT)* 385 Hz 
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